The discovery of graphene has put the spotlight on other layered materials including transition metal dichalcogenites (TMD) as building blocks for novel heterostructures assembled from stacked atomic layers. Molybdenum disulfide, MoS2, a semiconductor in the TMD family, with its remarkable thermal and chemical stability and high mobility, has emerged as a promising candidate for post-silicon applications such as switching, photonics and flexible electronics. Since these rely on controlling the position of the Fermi energy (EF) it is crucial to understand how it is affected by doping and gating. Here we employed scanning tunneling microscopy (STM) and spectroscopy (STS) with gating capabilities to measure the band gap and the position of EF in MoS2 and to track its evolution with gate voltage. For bulk samples the measured bandgap, ~1.3eV, is comparable to the value obtained by photoluminescence, and the position of EF, 0.35eV below the conduction band, is consistent with n-doping reported in this material. Using topography together with spectroscopy we traced the source of the ndoping in bulk MoS2 samples to point defects which we attribute to S vacancies. In contrast, for thin films deposited on SiO2 we find significantly higher levels of n-doping which cannot be attributed to S vacancies. By combining gated STS with transport measurements in a field effect transistor (FET) configuration, we demonstrate that the source of the much higher n-doping in thin film samples originates with charge traps at the sample-substrate interface.
The development of techniques to isolate atomic layers 1 and to integrate them into atomically precise heterostructures 2 has enabled the design of novel material properties and applications by exploiting the proximity between layers with different electronic structures such as metallic (Graphene), insulating (hBN) and semiconducting (2H-MoS2) [3] [4] [5] [6] . 2H-MoS2, a layered material in the transition metal dichalcogenite family has recently attracted much attention owing to its remarkable electrical and optical properties. The bulk has an indirect bandgap of 1.2~1.3 eV 7-10 which, due to quantum confinement, crosses over to a direct bandgap of ~1.9 eV when the material is exfoliated down to a monolayer 11 . Thin layers of MoS2 are well suited as a channel material in FET applications exhibiting high room temperature mobility, almost ideal switching characteristics, and low standby power dissipation 6, [12] [13] [14] . Furthermore, the absence of dangling bonds and of surface states and its resistance to oxidation make MoS2 a particularly good candidate for STM studies. In both bulk and thin layers of MoS2 deposited on SiO2 the conductivity consistently exhibits n-type character 6, [15] [16] [17] but to date source of the doping remains unclear. Proposals include substitutional impurities 14, 18 such as Cl, Br or Re 19 , S vacancies [20] [21] [22] , and impurities trapped at the interface with the SiO2 substrate 3, 23 . Here we employ STM, STS combined with transport measurements to elucidate the nature of doping in MoS2 and its connection to the switching characteristics of the thin layers.
Samples were prepared by exfoliating bulk 2H-MoS2 crystals (purchased from SPI) onto SiO2 (300nm)/Si substrates to achieve the desired sample thickness and to expose a fresh sample surface. MoS2 flakes were identified by optical microscopy and subsequently characterized by atomic force microscopy (AFM), Raman spectroscopy and photoluminescence in ambient conditions. The AFM height profile of one of the samples, shown in Fig.1(a) , indicates a thickness of 4.2 nm corresponding to 6 layers.
The Raman spectra, Fig.1(b The topographic STM images were recorded in constant current mode with the bias voltage, Vb, applied to the sample while the STM tip was held at ground potential. The differential conductance spectra, dI/dV, were measured using lock-in detection (f = 440Hz) with fixed tip to sample distance. Gated STS measurements were carried out in a device configuration, shown in Fig.1(c) , in which a thin sample was deposited on a 300nm SiO2 substrate capping a degenerately p-doped Si gate.
To investigate the source of doping in thin MoS2 samples we employed a 6 layer sample configured in an FET device which combines STS with gating capability. As shown in the STM topography image in Fig.2 reports of unintentional n-doping of such devices 3, 6 . Furthermore, applying Vg = 25V
shifts the position of EF to the center of the bandgap, as shown in Fig.2 (c). Following the evolution of the spectra with Vg, we find that EF rapidly moves from the center of the bandgap towards the CB as Vg becomes more positive, and reaches it at a threshold voltage, Vgt ~  V 15 , as shown in Fig.2 
(d). Once EF enters the CB its evolution with
Vg slows down significantly reflecting the higher density of states within the band.
From the evolution of EF with Vg in the gap region, inset in Fig.2(d) , we obtain dEF/dVg = 0.06q, where q is the magnitude of the electron charge. Rewriting this expression in terms of the quantum capacitance 29 ,
, where n is the carrier density per unit area, we obtain
is the total device capacitance resulting from the series connection of CQ with the oxide capacitance, In order to correlate the STS data with transport measurements we used a 2-terminal device configuration shown in The change in sample quality after annealing (supplementary material) and the weak dependence of S on sample thickness suggest that surface traps significantly contribute to the doping observed in these devices. In order to trace the origin of the doping and to establish whether it is due to bulk or surface traps, we carried out STM/STS on a freshly cleaved bulk sample whose surface has not undergone wet treatment and that is not supported by an SiO2 substrate. The sample was mounted into the STM head using silver paint to attach the back of the sample to a reference electrode. Indeed large area (50 nm×50 nm) STM topography , shown in Fig. 4(a,b) Zooming into the defects to resolve the atomic structure we find that the lattice periodicity is intact suggesting that the defects are buried under the surface. According to ab initio calculations the electronic structure of point defects on the surface of MoS2 are tightly localized within one atomic distance 19 . By contrast, the defects observed which agrees with the calculated size of an S vacancy 19 . However, when buried under the surface point defects produce a more extended topography image which typically increases with the depth [31] [32] [33] consistent with the fact that the atomic topography image shows no missing surface atoms, Fig. 4(b) . The three defect sizes can be understood in terms of vacancies located in different S layers underneath the surface 32, 33 . To estimate the density of vacancies we measure the surface density of defects of equal size, and assuming the same defect density in all S layers we obtain the volume density:
where a = 0.31 nm is the vertical separation between sulfur layers. At room temperature this gives an activated bulk carrier density of
in the ungated devices. We can now estimate the equivalent areal density of activated carriers in the double layer, t ~ 2.5 nm, used in the FET device above to be n0= nt ~2 4 cm 10 2   . 5 , which is significantly lower than the measured residual density in thin devices. These results clearly exclude bulk mechanisms such as substitutional dopants or sulfur vacancies, as the source of the post-anneal doping observed in thin layer MoS2. We must conclude that the ndoping in the thin layer is due to trapped charges at the interface with the SiO2 substrate, consistent with the observed variability in device quality and with the post-anneal improved performance 3, 23 . Likely candidates for the trapped charges could be Na ions which are notoriously prone to contaminate 38 the surface of SiO2 . For example in the case of graphene deposited on SiO2 it is well known that trapped Na ions at the interface cause significant levels of unintentional doping, however there Na produces holes whereas in MoS2 it induces electron doping 23, 39 .
In summary by combining STM, STS and gating capabilities together with transport measurements we have traced the origin of the intrinsic n-doping in bulk 2H-MoS2 to S vacancies. Within the experimental error we found no evidence of Cl, Br, or
Re dopants. Furthermore, we demonstrated that the source of the significantly higher n-doping observed in thin films deposited on SiO2 is extrinsic and can be attributed to trapped donors at the interface with the SiO2 substrate. 
